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Abstract

:

Currently, much research is devoted to the study of biological objects using atomic force microscopy (AFM). This method’s resolution is superior to the other non-scanning techniques. Our study aims to further emphasize some of the advantages of using AFM as a clinical screening tool. The study focused on red blood cells exposed to various physical and chemical factors, namely hemin, zinc ions, and long-term storage. AFM was used to investigate the morphological, nanostructural, cytoskeletal, and mechanical properties of red blood cells (RBCs). Based on experimental data, a set of important biomarkers determining the status of blood cells have been identified.
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1. Introduction


Atomic force microscopy (AFM) is a cutting-edge technology that can be used to study the morphology and biomechanical properties of blood components. The advantages of AFM over other microscopy techniques include high resolution, the possibility of using various media, including a native solution for living cells, and direct measurement of cell mechanical properties. The AFM operates by “touching” the surface of the sample using a tip probe with control of interaction force [1,2,3,4,5].



This method does not require additional sample modification such as freezing, metal plating, or the use of vacuum or dyes. AFM works both in air and in a liquid environment, so samples can be studied in their physiological buffer solutions.



Molecular-level resolution of soft samples can be achieved during scanning [4,5]. It reveals the morphology of individual biomolecules that cannot be seen using other imaging methods. Depending on the purpose of the study, semi-contact, contact, or jumping modes of investigation can be used [6,7].



The essential element of AFM is a probe sensor which represents a cantilever with a sharp probe at the end. The probe tip diameter may vary from 1 to 10,000 nm depending on the application. The probe is usually made of crystalline silicon or silicon compounds [8].



Visualization of cells using AFM is limited by the very soft and volatile nature of the cell surfaces. To visualize red blood cells (RBCs) in liquid, it is necessary to prepare a sticky substrate, such as one with polylysine, and fix the RBCs [6,9]. Notably, fixation of cell samples can cause several artifacts resulting in membrane surface alterations [10,11,12]. If the samples are poorly attached to the surface, they will be displaced by the AFM tip during imaging.



The dimensions of the object vary greatly depending on the preparation of the sample. In liquid, the height of the control discocyte is about 4.5 times the height of the air-dried erythrocyte. Topographic AFM imaging can provide direct, high-resolution morphological observation of cells. AFM, with its high-resolution imaging, allows quantitative analysis of imaging parameters such as nanostructure profile, pore size, and clustering of RBC cytoskeleton filaments [13]. Nanostructure and defect size are parameters that have been used to quantify the complexity of cell membrane structure.



Atomic force spectroscopy (AFS) allows us to study the mechanical properties of cells based on experimental force curves F(h), i.e., the relationship between the cantilever vertical bending and the vertical motion of the piezoelectric scanner is assessed [13,14,15,16,17,18]. AFM and AFS both represent direct real-time observation of biological objects.



RBCs can be an important target for pathogenic factors. These cells can serve as a link between the impact of a pathogenic factor on a biological system and its clinical response [19].



The cytoskeleton, a structural molecular component of RBCs that controls their morphology, membrane deformability, and nanostructure [20,21], determines their functional status as well as particularly their capacity to deliver oxygen to the tissues. The study of the RBC cytoskeleton has important scientific and clinical implications.



Electron microscopy made it possible for the first time to reveal the configuration of the RBC cytoskeleton [22,23,24]. However, sample preparation for this method impairs the integrity of objects and changes their structure. In actual studies, atomic force microscopy is used to visualize blood cells and study their membranes [25,26,27,28].



AFM allows quantitative measurements of the membrane surface, as well as the study of morphological structural characteristics and mechanical properties under various diseases [1,29,30,31,32,33,34], and the impact of exposure to physical and chemical factors [35,36,37,38].



AFM and AFS expand significantly the amount of information about RBCs since both methods are suitable for studying the characteristics of living cells in buffer at the nano level.



In this study, we would like to reveal the prospects of using the atomic force microscope, a promising diagnostic technique for blood cells.




2. Materials and Methods


2.1. Atomic Force Microscopy


The atomic force microscope, NTEGRA Prima (NT-MDT Spectrum Instruments, Moscow, Zelenograd, Russia) was used to study the cells and their cytoskeleton. The atomic force microscope operational principle is based on the measurement of Van der Waals interaction forces between the sample surface. A block diagram of AFM is shown in Figure 1a. The object under study was the surface of a sample fixed on a precision triaxial piezoelectric transducer (scanner). The sensor is a sharp silicon probe fixed on a flexible cantilever. The cantilever vertical deflection is proportional to the interaction force between the needle and the sample. A laser beam is focused on the cantilever surface and is reflected on a sectioned photodiode. Thus, the displacement of the reflected beam on the photodiode is also proportional to the interaction force between the probe and the sample. The signal from the photodiode enters the comparator, which compares it with the desired interaction force set by the operator. The comparator outputs an error signal that reaches the feedback control unit. The control signal on the feedback control output goes to the high-voltage amplifier input, thus controlling the length of the Z component of the piezoelectric scanner. By registering the Z coordinate and other signals related to the interaction forces between the probe and the sample during the precise movement of the sample in the XY plane, we can record the surface topology and other characteristics with a high spatial resolution.



Imaging of the surface morphology was performed in air using a semi-contact mode by silicon cantilevers (NSG01 series) with a gold reflective coating (NT-MDT Spectrum Instruments, Moscow, Zelenograd, Russia).



The height of the cantilever tip was 14–16 µm, and the curvature radius of its apex was 10 nm. The typical resonant frequency was 148 kHz, the force constant K was 5 N/m.



Depending on the task, the scanning fields were chosen from a maximum of 100 × 100 μm2 and reduced down to 0.25 × 0.25 μm2. The number of points per scan was 512 or 1024, the scanning rate varied from 0.3 to 0.9 lines per second. The obtained images and their profiles were analyzed as 2D and 3D AFM images.




2.2. Atomic Force Spectroscopy


AFM, in addition to obtaining nanoscale images, can measure biomechanical characteristics of biological structures by atomic force spectroscopy. For this purpose, the probe is placed over the studied object. Mechanical properties are measured in liquid (PBS, pH 7.4). The operator sets the desired interaction force, which causes the probe to indent (Figure 1b) the surface of an object, for example, a membrane. The deflection response shape is determined by the combination of biomechanical properties of an object, in particular, its Young’s modulus, the specified force, and the probe size. The Hertz model was used to calculate Young’s modulus.



To measure the mechanical properties, it is important to consider the cantilever spring constant Kc and the stiffness of the cell membranes at a load of interest. The spring constant of the selected cantilever Kc should be chosen based on two considerations: Kc should be much higher than the object stiffness (Km) to ensure the dominant role of indentation during the force spectroscopy. At the same time, Kc should be small enough to provide sufficient sensitivity at hHz penetration range. Kc around 1 N/m met both these criteria.



So, the optimal value of K for dry cell membranes was about 10–50 N/m, and for live cells, it was 0.05–1.8 N/m. Based on this, we used cantilevers SD-R150-T3L450B-10 (Nanosensors, Neuchâtel, Switzerland) with K = 1 N/m and R = 150 nm. For the calibration of the cantilever spring constant, the thermal tune method was applied.



The empirical force curve (Figure 1c) represents the relationship between the deflection current of the photodiode I and the vertical displacement Z of the piezo scanner. These parameters can be varied during AFM measurements depending on the purpose and object of the study). For our experiment, the maximum value of piezo scanner displacement Zmax was 4000 nm and the force value was 60 nN. The study was conducted at a vertical speed of less than 1 μm/s. Stiffness calculations were performed at a until a depth of hHz [39]. hHz is the depth of homogeneous indentation and probe immersion, until which the F(h) function can be described using the Hertz model. More detailed information on the measurement process and probes is described earlier in [39].




2.3. Monolayer of Cells for Studying Morphology and the Nanosurface of Red Blood Cell Membranes


Experiments were performed using packed red blood cells (pRBCs) in sealed containers with CPD (citrate-phosphate-dextrose) anticoagulant and SAGM (saline-adenine-glucose-mannitol) resuspension media. The pRBCs were obtained from blood transfusion centers in Moscow, Russia, and stored at 4 °C. Cells stored for 2–6 days served as a control.



A V-Sampler (Vision, Vienna, Austria) was used to obtain a monolayer of cells. Slides were placed on holders and 10 µL of the sample was applied. The samples were spread on the slide using glass covers.



The cell membrane surface is a complex heterogeneous structure. We used the FemtoScan Online (Femtoscan, Moscow, Russia) software to detect small structural changes, quantify them at different scales and perform a statistical comparison of their sizes during storage of pRBCs and on exposure to pathogenic factors. Using the spatial Fourier transform, we decomposed a complex AFM image of the nanosurface into two simpler ones with different spatial resolutions. The spectral window with low spatial frequencies contains images of membrane structures with a large spatial period (L1, h1), while the spectral window with high frequencies provides images of membrane structures with a small spatial period (L2, h2). Parameters of spatial scales were chosen according to the natural structures of RBC membranes. Nanosurface decomposition was performed in several stages. A more detailed description of the spatial Fourier transform technique is given in our previous studies [13,40].




2.4. Red Blood Cells Cytoskeleton


To obtain images of the cytoskeleton network and its individual constituents, RBC ghosts were created. Sample preparation was carried out in several stages. At the first stage, the removal of components of the solution where the red blood cells were stored was done. For this, 500 μL of phosphate-buffered saline with pH 7.4 was added to 100 μL of RBC suspension. Then the suspension was stirred in Mini-Rotator Bio RS-24 (SIA BIOSAN, Riga, Latvia)at 8 rpm for 5 min. Cell sedimentation was done at the second stage. For this purpose, the suspension was centrifuged at 1900 rpm for 5 min in a Universal 320 centrifuge(Andreas Hettich GmbH & Co., KG, Tuttlingen, Germany). The supernatant was removed and 500 µL of buffer was added. The stirring and settling process was repeated 5 times. After that, 75 µL of precipitated cells were left. The next step was hemolysis of the obtained RBCs. For this purpose, 500 μL of 0.09% NaCl in distilled water was added to the cells. The resulting suspension was centrifuged at 1900 rpm for 5 min. The supernatant was then removed. Then, 300 μL of distilled water was added to the suspension for further hemolysis, the suspension was stirred for 5 min in a Bio RS-24 rotator (8 rpm, 5 min) and left in the refrigerator at 4 °C for 30 min and then at 24 °C for 10 min for further hemolysis. RBC ghost formation was observed in the resulting sample. A monolayer was prepared from the precipitate using a V-Sampler device for AFM scanning.




2.5. Sample for Obtaining Force Curves Using Atomic Force Spectroscopy


It was necessary to study the mechanical properties of erythrocyte membranes in a liquid medium because only in this case living object characteristics could be obtained. However, this condition imposes the limitation for high-resolution imaging.



In our nanomechanical studies of native RBCs, the sample was prepared according to the following procedure. First, 100 μL of pRBCs was added to 500 μL of phosphate-saline buffer with pH 7.4. Then, by triple centrifugation at 1500 rpm for 5 min, the rest of the preservative solution was removed. To prepare the suspension, 50 µL of erythrocytes was added to 10 mL of phosphate buffer. 200 μL of the suspension was applied to a coverslip coated with polylysine solution [41]. Erythrocytes were left for 30 min to adhere to the glass. The obtained sample was washed in phosphate-saline buffer with pH 7.4 for 10 s and then measurements were performed in a liquid cell using AFM.




2.6. Membrane Pathogenic Factors


Hemin, Zn2+, and red blood cells suspension of long-term storage were used as membrane pathogenic factors.



In the first series of experiments, dry hemin (Sigma-Aldrich, Saint Louis, MO, USA)was used. 100 mg of NaOH was dissolved in 5 mL of distilled water. Next, 25 mg of dry hemin was dissolved in 0.5 mL of the solution prepared earlier, and 2.5 mL of distilled water was added. The resulting solution was added in a volume of 50 μL to the tubes with pRBC suspension. The exposure time was 15 min.



In the second series of experiments, Zn2+ was used. 90 mg of ZnSO4 (Sigma-Aldrich, Saint Louis, MO, USA)was dissolved in 5 mL of phosphate buffer with pH 7.4. Then, 10 μL of the resulting solution was added to 100 μL of pRBC. The concentration of Zn2+ ions was 4 mM.



For the pRBC storage experiments, a sample was taken from a 13 mL pRBC bag on days 2–6 and 31.




2.7. Statistical Analysis


Cell monolayer



After exposure of blood cell membranes by modifiers, 3 areas of 100 × 100 μm2, 50 × 50 μm2, and 20 × 20 μm2 were scanned using AFM for each sample. For erythrocyte nanostructure analysis, 2.5 × 2.5 μm2 areas on 5 cells were scanned for each sample. 280 red blood cells images were scanned in total.



Ghost monolayer



A 2.5 × 2.5 μm2 area was scanned in 30 RBC ghosts to analyze the nanostructure of the cytoskeleton. With a pixel resolution of 1024 × 1024 pixels, 180 areas in the ghosts were analyzed in total.



Measurement of Young’s modulus



About 100 native cells were measured at each sample in the experiments. One force curve per cell was constructed. About 400 native RBCs were analyzed.



The statistical analysis of the results was performed using OriginPro 2019 software (OriginLab Corporation, Northampton, MA, USA). Statistical analysis included calculation of the mean, standard deviation, histograms, and distribution functions. Histogram approximation based on normal data distribution was performed. Nonlinear approximation of empirical force curves was also performed using the Origin Pro 2019 software. A one-way ANOVA test followed by the post hoc Tukey’s test for experimental data comparison was used.





3. Results


3.1. Morphology and Nanostructure of RBC Exposed to the Chemical and Physical Factors


Morphology is one of the important indicators of RBC status. Cell morphology was studied after exposure to pathogenic factors. AFM images of RBCs exposed to these factors are shown in Figure 2.



Normally, the RBC diameter is 7900 ± 800 nm. The maximum height of the discocyte torus is 320 ± 80 nm (Figure 2a). The profile marker (dotted line on the cell surface) is drawn to show the RBC concavity and estimate its height. Packed RBCs stored for 2–6 days were taken as control. When the profile was evaluated using the spatial Fourier transform method, L1 of the membrane nanosurface was 1133 ± 150 nm, L2 was 90 ± 10, and the roughness height h1 did not exceed 5.6 ± 1.5 nm, while h2 was 1.1 ± 0.5 nm. The data are presented in Table 1. It shows the L1, h1, L2, h2 values as mean ± standard deviation, the ratios of the mean and the control values are given in parentheses.



Hemin is a natural oxidizing agent of biological structures that disrupts the conformation of spectrin, the band 4.1 protein, and loosens the bond between them [35]. The formation of leptocytes with an altered surface is one of the common effects of hemin (Figure 2b). Topological defects appeared on the membrane as domains with an internal grain-like structure. The size of one domain was 500 ± 210 nm. The individual grain size was 130 ± 40 nm. Thus, hemin disrupted the cytoskeleton, which manifested as altered intrinsic parameters of the h2 nanosurface.



Zinc ions are known to be a vital trace element that participates in cell growth and division as well as in protein and nucleic acid synthesis [42]. An excess of zinc ions can contribute to RBC lysis and anemia. This ion induces the cluster of band 3 proteins [41].



Upon exposure of RBCs to ZnSO4, the cells transformed into stomatocytes with a crumbly surface (Figure 2c). Its profile size is about 6500 nm.



On day 31 of pRBCs storage, 71 ± 7% of echinocytes and spheroechinocytes were observed in the monolayer. A typical echinocyte on day 31 of storage is shown in Figure 2d. Its profile size is about 7900 nm. The following dimensions of the spicules on the cell surface were observed: width L up to 1500 nm and height h up to 350 nm.



As is evident from the data presented, the chemical factors such as the presence of hemin and zinc had the strongest effect on h1, L2, and h2.



The h1 values differed significantly across all studied groups. Thus, hemin increased its value by 3.3 times, zinc by 9.8 times, and storage by 1.6 times (Table 1).




3.2. Young’s Modulus after Exposure to Pathogenic Factors


Young’s modulus was calculated at hHz depth for all experimental curves. hHz depth represents the threshold of the Hertz model applicability [39]. When its value is reached, the deformability of RBCs under external impact with preserved integrity can be assessed.



Analysis of the force curves showed the value of Young’s modulus of the control RBC membranes at a level of 10 ± 4 kPa (Figure 2f). Upon exposure to hemin, Young’s modulus E increased to 28.1 ± 7.5 kPa in comparison to the control.



Upon exposure to zinc, Young’s modulus for RBC membranes in 15 ± 2% of the total cells remained at the control level. The stiffness of the rest of the RBCs increased 2.4 and more times. The Young’s modulus Eaverage was 23.7 ± 9.7 kPa (p < 0.01) vs the control.



Evaluation of the mechanical properties of erythrocyte membranes during storage of pRBCs has shown that Young’s modulus increased by day 31 of storage up to 24 ± 9 kPa (p < 0.01). The proportion of cells with Young’s modulus at the control level was 18 ± 4%. Thus, the stiffness of RBC membranes during storage of pRBCs increased by 2.4 ± 0.2 times (Figure 2f).



On exposure to the modifying factors, the hHz parameter values changed. Its value in the control group was 920 ± 310 nm, for the Zn2+ exposure group it reached 625 ± 230 nm, while after 31 days’ storage it dropped to 570 ± 180 nm, and for hemin exposure even further to 380 ±190 nm (Figure 2e).




3.3. Structural Parameters of Cytoskeleton during Long-Term Storage of pRBC and Exposure of RBCs to Hemin


Cell morphology and elastic properties are determined by their cytoskeleton. Images of the RBC cytoskeleton network are shown in Figure 3. The thickness of the cytoskeleton network, represented as the experimentally obtained height of the pores above the substrate, was 5–8 nm.



The characteristic mesh size of the control sample was 150 ± 40 nm. Such a basic mesh was observed on 65 ± 20% of the outer surface of the ghosts, 5 ± 2% of the surface had a mesh with a characteristic size of more than 250 nm.



The cytoskeleton consists mainly of the spectrin protein, which is a fibrillar molecule 200–260 nm long and 2–3 nm thick. The subunits are arranged against each other, forming a helical structure. Dimers self-associate into tetramers and oligomers of a higher order. The tetramers bind to ankyrin, which in turn binds to the cytoplasmic domain, thus attaching the cytoskeleton to the plasma membrane. At its end, the tetramer binds the band 4.1 protein and the short actin filament, forming a network [24]. Figure 3e shows the model of the RBC cytoskeleton.



As a rule, each actin complex forms a spectrin network of 5–6 filaments (Figure 3d).



The morphology of the cytoskeleton was analyzed using Image Analysis P9 software (NT-MDT Spectrum Instruments, Russia) utilizing the Advanced Watershed method. The average pore size of the control cells on day 4 of storage was 0.07 ± 0.02 μm. On day 31 of storage, the pore size was 0.18 ± 0.07 μm (Figure 4h). The number of pores per 2.5 × 2.5 μm2 area decreased from 300 ± 80 on day 4 of storage down to 85 ± 24 on day 31 of storage (p < 0.05).



Accordingly, the AFM image of the cytoskeleton fragment (Figure 4f) can be seen below the AFM image of the cell ghost exposed to hemin (Figure 4c). The discrete character of domains with topological nano defects seen as grains (Figure 2b) and their sizes correlated with the topological nanostructures of the cytoskeleton. The mean pore size ghost cells exposed to hemin was 0.32 ± 0.13 μm. The number of pores per 2.5 × 2.5 μm2 area was 30 ± 12 μm−2 (p < 0.05).



The distribution of mean pore size values in the controls were close to the Gaussian law. After hemin exposure and on day 31 of storage, the pRBC pores became larger in proportion to the deviation of the mean size from the normal distribution law. Thus, on day 31 of storage and after exposure to hemin, the mean and SD increased and non-normal data distribution with a skew to the right was observed. On day 31 day of storage, the pRBC distribution was slightly non-normal, whereas after hemin addition, the scattering of values of the main pore size increased greatly and the empirical histogram was not approximated by the Gaussian law.





4. Discussion


Since its invention in 1986 [43], the atomic force microscope has become one of the most important tools for visualizing biological objects at both the macro- and nano levels. Compared to light microscopy, which allows only investigation of RBC morphology and size, AFM helps to carry out the detailed study of the cell membrane structure. Identification of RBC membrane defects using the AFM in patients with systemic lupus erythematosus was reported [44], fibrinogen–erythrocyte interaction, as characterized by AFM-based force spectroscopy, alters in heart failure patients [30]. AFM imaging has shown that RBCs from healthy subjects and patients with multiple myeloma can be distinguished by morphological parameters and surface roughness [45].



In our study, altered morphology of RBCs was observed after their exposure to physical and chemical agents. Discocytes have been transformed into leptocytes, echinocytes, and stomatocytes (Figure 2). Topological defects emerged on the membrane surface (Figure 2), which could be the initiating mechanism of total cell damage. Using spectral-spatial Fourier transform of the nanosurface and RBC membranes, the native membrane parameters L and h were quantified. These parameters may be indicative of the structure of cell membranes. Changes in the L1 and h1 values provide information about the intensity of membrane flickering, while changes in the L2 and h2 parameters indicate changes in the cytoskeleton and protein aggregation. The mechanism of such changes is usually associated with alterations in the RBC cytoskeleton. During storage of the pRBCs, an image of the cytoskeleton with a size of 2.5 × 2.5 µm2 was obtained. The pore length of the cytoskeleton was shown to increase 2.17 times, and the number of pores decreased 5 times on day 31 vs day 4 of storage.



In our work, we also investigated the effect of oxidant (hemin) on the cytoskeleton structure. Using AFM, we observed the appearance of domains with topological nano defects manifested as grains in the RBC membranes after blood exposure to hemin. The correlation of the size of domains and typical dimensions of the cytoskeleton pore suggests that these topological nano defects are associated with altered cytoskeleton [46].



After exposure to hemin, the ghost cells with altered cytoskeleton were obtained to test this hypothesis. We observed distorted local domains in the cytoskeleton. Thus, we have shown in a direct biophysical experiment that hemin causes the destruction of the cytoskeleton network. We described a similar effect during the storage of erythrocyte suspension. The main abnormalities in the cytoskeletal reticulum consisted of disruption of the filaments, merging of small pores into larger ones, reduction in the number of pores, thickening or clusterization of filaments, and an increase in membrane stiffness [47,48]. There is a correlation between local topological nano defects in the RBC membranes and the change in the cytoskeleton nanostructure on the ghost cell surface. This suggests that domains with grain-like structures on the surface of membranes after exposure of RBCs to hemin are due to cytoskeleton damage (rupture and cluster formation).



The underlying mechanism of cytoskeletal changes may be associated with the following. Hemin causes the disruption of the spectrin—band 4.1 binding which breaks the connection of the spectrin filaments with band 3, and therefore with the lipid bilayer. Additionally, hemin oxidizes the spectrin molecules causing disruption of the connection between the dimers. Thus, the spectrin tetramers transform into dimers [49].



The mechanical properties of cells are important factors that determine cell function and mobility. In our experiments, Young’s modulus increased two and more times after exposure to pathogenic factors. Meanwhile, other authors [14,50] using atomic force spectroscopy showed that some diseases such as hypertension and diabetes mellitus are associated with reduced elasticity of erythrocytes which lose their capillary flow properties.



Understanding the differences between healthy and damaged RBCs is critical for diagnosing and treating various diseases. In critical states, severe blood loss or major operations donor blood can be required. An increased risk of post-transfusion complications associated with the use of long-stored pRBCs is one of the challenges of blood transfusion [51]. Using the AFM and AFS methods, it is possible to evaluate the quality of blood cells during the storage of erythrocyte suspension in a direct biophysical experiment [52].



Erythrocyte alterations can be used as diagnostic and prognostic tools in a wide range of conditions. The morphology of RBC is an important marker of human health. The ability of AFM to detect early subtle changes in the morphology, nanostructure, and cytoskeleton of erythrocytes opens up new perspectives for its use as a clinical screening tool.
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Figure 1. The principles of the atomic force microscopy operation. (a) Block diagram of AFM; (b) Measurement of blood cell membrane stiffness by AFM. I: the scanner is brought to the cell membrane; the laser spot is located in the center of the photodiode. II: the probe indents the cell membrane; the laser spot moves up relative to the center (located in the upper sections). III: the probe is detached from the cell membrane; the laser spot moves down relative to the center (located in lower sections). IV: the piezo scanner is taken away from the cell; the laser spot is located in the center of the photodiode. (c) Empirical force curve. The forward motion is black, the reverse motion is red. 
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Figure 2. AFM image of the red blood cell (RBC) morphology (10 × 10 µm2) in air and their profiles, respectively: (a) Control; (b) RBC after exposure to hemin, 3D AFM image of a 2000 × 2400 nm2 area with granular structures after exposure to hemin and domain structure profile; (c) RBC after exposure to zinc ions; (d) RBC on day 31 of storage; (e) Force curves of RBCs in liquid on exposure to different agents, the curves are the average over all the curves for a specific condition; (f) Change in Young’s modulus depending on pathogenic factors. Data are presented as box plots. One-way ANOVA test followed by post hoc. Tukey was used: ** p < 0.01, *** p < 0.001 compared to control. 
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Figure 3. AFM images of the cytoskeleton: (a) Monolayer of ghost control cells (35 × 35 μm2); (b) Single RBC ghost (10 × 10 μm2); (c) Cytoskeleton section (1.8 × 1.6 μm2); (d) 3D AFM image of a section of the RBC cytoskeleton (0.8 × 0.7 μm2); (e) Model of the RBC cytoskeleton. 
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Figure 4. 2D AFM image of a ghost cell: (a) Day 4 of storage; (b) Day 31 of storage; (c) After exposure to hemin. 3D AFM image of the cytoskeleton fragment: (d) Day 4 of storage; (e) Day 31 of storage; (f) After exposure to hemin. Histograms for the average size of ghost fragments are given: (g) Day 4 of storage; (h) Day 31 of storage; (i) After exposure to hemin. 
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Table 1. Cell membrane parameters (L1, h1; L2, h2) of controls and cells exposed to hemin and zinc, and after 31 days of storage.
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	Exposure
	L1, nm
	h1, nm
	L2, nm
	h2, nm





	Control
	1133 ± 152

(1)
	5.6 ± 1.5

(1)
	90 ± 10

(1)
	1.1 ± 0.5

(1)



	Hemin
	1109 ± 115

(0.97)
	19.0 ± 4.0

(3.3)
	152 ± 59

(1.7)
	2.0 ± 0.6

(1.8)



	Zinc
	1092 ± 111

(0.96)
	55.0 ± 16.0

(9.8)
	202 ± 50

(2.2)
	9.0 ± 1.5

(8.1)



	Storage for 31 days
	995 ± 194

(0.87)
	9.1 ± 1.5

(1.6)
	122 ± 32

(1.3)
	3.3 ± 0.8

(3)
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